Abstract: The rate of evapotranspiration from a mature cranberry bed in Wisconsin was measured using infrared thermometry. Values ranged from 0.8 to 6.2 mm d −1 , which were on average 1.05 of the equilibrium evaporation rate. These results are in good agreement with those measured earlier in Wisconsin by the Bowen-ratio technique. Estimates of stomatal conductance were extracted from the data, yielding values of at least 0.2-0.3 mol m −2 s −1 , substantially higher than earlier reports for cranberry but typical of uncultivated plants. Our results give us good confidence that cranberry evapotranspiration in the continental climate of Wisconsin, at least, can be estimated from the equilibrium evaporation rate, i.e., the Priestley-Taylor potential rate, with α = 1.05. 
Introduction
The current water appropriation by agriculture and the future demands of this economic sector are of increasing interest as projections indicate shortfalls to meet food demand (Godfray et al. 2010) . One facet of this is estimating the "water footprint" of food products. These estimates are then used as the food sector studies its water-related vulnerabilities (Roberts and Barton 2015) .
New regulatory regimes surrounding water use include requirements to report consumptive use by crop and livestock producers (e.g., the Great Lakes Compact, and Wisconsin State statutes 281.343(4d) and 281.346(2c) . Cranberry production is recognized as "water dependent" within the context of the United States' Clean Water Act (USACE 1995) , requiring best management practices. Detailed analyses of crop water usage for sustainability assessments and regulatory compliance depend on estimates of evapotranspiration (ET, (H 2 O depth time −1 )) losses. Few experiments have measured ET from cranberry. Hattendorf and Davenport (1996) , working in coastal Washington state, found cranberry ET from near 0 to about 4 mm d −1 . In Wisconsin, Bland et al. (1996) observed cranberry ET rates between 0.7 and 6.3 mm d −1 .
The Washington ET values were about 55% of the Priestley-Taylor potential ET (Priestley and Taylor 1972) , while the Wisconsin values were about 83% of this widely used standard. Assuming a reasonable average potential ET during the main growing season of 5.0 mm d −1 , the substantial difference between the two estimates of cranberry ET (i.e., reasonable season-long averages of 2.8 and 4.2 mm d −1 ) suggests that additional research is warranted in understanding how to estimate cranberry water requirements. The two research groups used very different measurement techniques in the 1996 work. Hattendorf and Davenport (1996) used ground-based thermal remote sensing (Maes and Steppe 2012) of the canopy temperature to estimate the sensible heat flux component of the surface energy budget:
where R n = net radiation, H = sensible heat flux, G = soil heat flux, all in (Wm −2 ), and λ = latent heat of vaporization (J m −3 ). Direct measurements of R n and G combined with the temperature-based estimation of H allowed solution for λET. The Wisconsin group used the Bowen-ratio energy budget method (Irmak et al. 2014) . In this approach, the gradients of temperature and vapor pressure are measured above the evaporating surface, and their ratio used to partition (R n -G) between H and λET, yielding ET.
In comparison with the earlier Washington work, in this research we applied thermal remote sensing of canopy temperature with a more recent analysis strategy (Norman and Kustas 1999; Norman et al. 2000) and newer radiometers to revisit cranberry ET in Wisconsin. We further analyzed our new measurements using the "coupling" framework of Jarvis and McNaughton (1986) to gain insight into the role of stomatal control in observed cranberry ET.
Materials and Methods
The 1 ha area study site was a commercial bed located near Warrens, Wisconsin (44.087926 N, −90.477031 E). The soil was 1 m of fine sand relocated from nearby sand dunes. Cranberry plants were 'Grygleski Hybrid 1' (GH1) planted in 2002. Drain tiles were located at a depth of 500 mm, 4 m apart, running the length of the bed.
Crop ET was estimated using ground-based thermal remote sensing of the energy budget. Canopy temperature was measured using infrared radiometers (model SI-111, Apogee Instruments Inc., Logan, UT, USA), installed at 1 m above the canopy, at two locations about 30 m apart. Soil heat flux (G) was measured at each site using soil heat flux plates (model HFT 1.1, Radiation and Energy Balance Systems, Inc., Seattle, WA, USA) installed at 50 mm depth. Heat storage above the flux plate was based on temperature recorded by thermocouples installed at 25 mm and assumed heat capacity of sandy soil. Net radiation was recorded using a four-component net-radiation sensor (model NR01, Hukseflux Thermal Sensors, Manorville, NY, USA) installed at 1 m above the canopy. Air temperature and relative humidity were measured (model HMP 60, Campbell Scientific, Logan, UT, USA) at 1 m above the canopy. Wind speed was recorded using a cup anemometer (model 014, Met One Instruments, Grant Pass, OR, USA). All measurements were recorded at 30 min intervals using either a CR23X data logger or a CR1000 data logger Infrared temperatures were interpreted using the "double-delta-T" method described by Norman et al. (Norman and Kustas 1999; Norman et al. 2000) (Table 1 ). This method is based on interpreting the infrared temperature of the crop and soil in terms of H, as did Hattendorf and Davenport (1996) . The double-delta-T method also adds explicit separation of leaf and soil (a two-source model) and compares changes of both air and canopy temperatures through the day, rather than just their difference. The values of canopy height, transport resistances, and LAI were assumed constant because of the relatively static nature of the cranberry canopy through the season and lack of sensitivity of the analysis across the range observed (see Results and Discussion).
Results and Discussion
Daily values of ET by the double-delta-T method were similar to those obtained earlier (Bland et al. 1996) using the Bowen-ratio method (Fig. 1) . In Fig. 1 , we compare the observed ET values to the "equilibrium" ET rate (Jarvis and McNaughton 1986; Moene and van Dam 2014) :
where s = slope of the saturation vapor pressure versus temperature (kPa K −1 ) and γ = psychrometer constant (kPa K −1 ). The equilibrium rate is the theoretical value of evaporation from a wet surface into a saturated atmosphere. Water loss is sustained because the evaporating surface is also supplying sensible heat to the overlying air, steadily increasing the saturation vapor pressure. The well-known Priestley-Taylor potential evaporation rate is the equilibrium rate multiplied by α, a value between 1.1 and 1.4, most commonly cited as 1.26, as originally proposed by Priestley and Taylor (1972) . The opportunity for α > 1 occurs because of entrainment of dry air into the planetary boundary layer as the day progresses (Moene and van Dam 2014) . We found that the double-delta-T calculation reduced to the method essentially used by Hattendorf and Davenport (1996) . This occurs because the LAI of crop was sufficiently high and nongreen fraction low, so that there was little soil or nontranspiring tissue in the infrared radiometer's view. Additionally, air temperature was consistently close to canopy temperature at the start of each day, so the differencing of temperature changes in the double-delta-T method had no impact. A consequence of this is that the calculation we did was not appreciably sensitive to input values of LAI, green fraction, and the Priestley-Taylor α. Varying the values of LAI, green fraction, and α by ±20% changed the daily values of evapotranspiration by ±9%.
Comparing our results with those of Hattendorf and Davenport (1996) is complicated by two issues. First, they chose to not include those hours of the early morning during which dew was present. We reanalyzed our data excluding hours before 1000 and found that it reduced daily ET by 10.6%, enough to explain 32% of the difference between the locations (Fig. 1) . Second, Hattendorf and Davenport (1996) altered α daily by multiplying it by the vapor pressure deficient (kPa). To convert their published results, we assumed that their α = 1.26, but this assumption should be acceptable given that D is typically near 1.0. Before returning to the question of why our results differed from the Washington values, we wish to explore the question raised by Hattendorf and Davenport (1996) : Why are the observed values so far below the Priestley-Taylor potential ET? They concluded that cranberry had quite low stomatal conductance, and that this was a possible explanation. Jarvis and McNaughton (1986) analyzed the factors controlling ET by introducing the coupling coefficient Ω, which expresses how well the surfaces of individual leaves are coupled to the surrounding free air:
where (shifting to flux densities in units of mol m
) E is total evaporation rate, E eq is the equilibrium evaporation rate as defined in eq. 2 (with appropriate unit conversions), and E imp is the "imposed" evaporation rate defined as shows the relationship obtained by Bland et al. (1996) , and the dashed-dotted line (HD) shows approximately the relationship obtained by Hattendorf and Davenport (1996) , assuming an α value of 1.26.
where c p = heat capacity of dry air ( J mol
, and D = water vapor saturation deficit (kPa). Thus, both ET eq (eq. 2) and E eq (eq. 3) refer to the water loss rate (taking evapotranspiration and evaporation as both referring to total water loss from the soil-crop system) from a canopy into a saturated atmosphere but expressed in different units (to maintain consistency with various other authors). These limiting rates of evaporation arise from the wellknown Penman-Monteith equation: E eq is the case of leaf boundary layer conductance becoming very small, effectively uncoupling the leaf from the surrounding air, while E imp is the opposite case of very high leaf boundary layer conductance, leading to control of the water loss rates becoming some function of g c and D. When Ω = 1, the leaf or canopy is effectively uncoupled (perhaps a better term for Ω) from the ambient airstream, so E is controlled by available energy. In practice, E over any given time interval is some combination of both terms of eq. 3, i.e., Ω is never 1 or 0. Jarvis and McNaughton (1986) compiled a table of estimated Ω values; alfalfa was highest at Ω = 0.9, while pine trees had a Ω of 0.1. Heathland dominated by Calluna vulgaris (L.) Hull, which like cranberry is a member of the Ericaceae family, had a Ω of 0.34 (Miranda et al. 1984) . Explanations of this analysis approach are available in Jarvis and McNaughton (1986) and Monson and Baldocchi (2014) .
We tested for Ω < 1 by plotting mid-morning and midafternoon values of estimated E against E eq (Fig. 2) . We selected the mid-morning period to capture the situation after any dew has evaporated and before heat or water stresses are likely to have set in. The mid-afternoon times were assumed to be periods of typically ample energy and when heat or water stress, if any, may have developed. When E = E eq (on the 1:1 line of Fig. 2) , it is not possible to learn anything about Ω because these values can arise from various combinations of the terms in eq. 3. For those points not on the 1:1 line, we can know that Ω is <1. Furthermore, if E > E eq , we can assume that E imp > E eq , and vice versa.
The morning measurements generally fall along the 1:1 line and so yield no insight into the terms of eq. 3. However, the afternoon measurements on high evaporation days tend to lie above E eq , implying that Ω is <1 and E imp during that time is frequently greater than E eq . We cannot separate the value of Ω from E imp for these observations, but because we know that E imp > E eq , we can estimate a value of g c that must have been exceeded:
We found the lower boundary of g c to range approximately 0.6-1.6 mol m −2 s −1 (Fig. 3) in the range 0.006 < E eq < 0.013. Actual g c values had to exceed those in Fig. 3 , in proportion to Ω, e.g., if Ω is relatively small E imp exerts a large influence on E and so g c values need to only be slightly larger than those we calculated. From this general range of g c , we can further go on to roughly estimate g s , the leaf-level stomatal conductance (mol m −2 s −1 ). Kelliher et al. (1995) found that for LAI values of 2-4, the ratio g c to maximum values of g s (stomata at maximum aperture) was between 2 and 3. This suggests that for our cranberry beds, g s was at least 0.2-0.3 mol m −2 s −1 (assuming stomata were at maximum aperture). Our estimated range of g s is consistent with predictions made by Maes and Steppe (2012) in an extensive modeling exercise of leaf and canopy temperatures. Our mid-afternoon canopy temperature measurements ranged 0-10°C above air temperature, with half of them between 4 and 8°C (data not shown). Their modeling estimates for a crop with hypostomatous leaves (as is cranberry, Sawyer 1932 This range is higher than other reports for cranberry g s (here converted from mm s −1 to molar flux density by multiplying by 0.041, Campbell and Norman 1998) . Hattendorf and Davenport (1996) (Kelliher et al. 1995) . In a compilation of field observations of assimilation and stomatal conductance, Hetherington and Woodward (2003) found g s values well distributed from near 0 to 1.2 mol m −2 s −1 . Kelliher et al. (1995) propose that uncultivated plants will have a maximum g s of about 0.25 mol m −2 s −1 and that of crop plants will be about 0.45 mol m −2 s −1 (at LAI approaching 4). Stomatal conductance might be reduced in natural vegetation, compared with cultivated crops, given lower N availability in the former (Schulze et al. 1994 ) and, perhaps, selection and breeding for productivity in the latter. Thus, our estimations of g s are in line with broad compilations of this parameter but are comparable to or higher than limited reports for cranberry and two understory Vaccinium species.
Our results combined with those of Bland et al. (1996) suggest that under Wisconsin growing conditions, Ω, D, and g s interact in a conservative way such that cranberry ET is about 1.05 the equilibrium value or 83% of the nominal Priestley-Taylor potential value. That the same result was obtained years apart from two different beds, as measured by two techniques, lends confidence to this assertion. The smaller values reported by Hattendorf and Davenport (1996) are consistent with the low g s values they measured. It may be that under their conditions, Ω, D, and g s differed from ours, leading to E imp < E eq . The higher Wisconsin water use is consistent with the relatively high yields observed in the state. Yields were not reported in the cranberry studies cited above, but the bed on which we made the ET measurements reported here yielded about 38 000 kg ha −1 in 2013 and 27 000 kg ha −1 in 2014, both comparable to the Wisconsin state averages of 32 000 and 28 000 kg ha 
Conclusions
We made canopy temperature-based measurements of cranberry ET and found the same relationship with the equilibrium ET rate as had Bland et al. (1996) using the Bowen-ratio method. Applying the Jarvis and McNaughton (1986) coupling concept, we found that Ω was <1 in our experiment during high evaporation periods, and g s was likely in the range of 0.2-0.3 mol m −2 s −1 . This places cranberry g s below that of cultivated crops in general but perhaps at the higher end of that to be expected for "natural" vegetation. It appears that for the Wisconsin growing environment, ET estimations are possible based on the equilibrium ET rate. The partitioning of total evaporation into equilibrium and imposed components offers a way forward to resolving the differences between the Wisconsin measurements and those from coastal Washington.
